Abstract Physicians are often approached by young women with a BRCA mutation and a recent history of breast cancer who wish to have a baby. They wish to know if pregnancy impacts upon their future risks of cancer recurrence and survival. To date, there is little information on the survival experience of women who carry a mutation in one of the BRCA genes and who become pregnant. From an international multi-center cohort study of 12,084 women with a BRCA1 or BRCA2 mutation, we identified 128 case subjects who were diagnosed with breast cancer while pregnant or who became pregnant after a diagnosis of breast cancer. These women were age-matched to 269 mutation carriers with breast cancer who did not become pregnant (controls). Subjects were followed from the date of breast cancer diagnosis until the date of last follow-up or death from breast cancer. The Kaplan-Meier method was used to estimate 15-year survival rates. The hazard ratio for survival associated with pregnancy was calculated using a left-truncated Cox proportional hazard model, adjusting for other prognostic factors. Among women who were diagnosed with breast cancer when pregnant or who became pregnant thereafter, the 15-year survival rate was 91.5 %, compared to a survival of 88.6 % for women who did not become pregnant (adjusted hazard ratio = 0.76; 95 % CI 0.31-1.91; p = 0.56). Pregnancy concurrent with or after a diagnosis of breast cancer does not appear to adversely affect survival among BRCA1/2 mutation carriers.
Introduction
A proportion of young women with a BRCA1 or BRCA2 mutation will be diagnosed with breast cancer during the course of a pregnancy and others may wish to become pregnant after a diagnosis of breast cancer. This is a consequence of the typical early age-of-onset of hereditary breast cancer and the desire of many women to delay childbearing until their late thirties. The majority of women with early-stage breast cancer have their disease cured [1] and many breast cancer survivors will later have children.
Pregnancy-associated breast cancer is defined as a breast cancer diagnosed during pregnancy or within 1 year of delivery [2, 3] and has been reported to have a relatively poor prognosis [4] [5] [6] [7] [8] [9] . If the survival of women with pregnancy-associated breast cancer is, in fact, inferior to that of women with breast cancer and no pregnancy, then this might be for several reasons. First, the pathologic and clinical features of a cancer which is diagnosed during pregnancy (such as grade, size, nodal status, and hormone receptors) may be worse than expected; in this case, adjusting for covariates will diminish the difference. In support of this, pregnancy-associated breast cancers are often diagnosed at a relatively advanced stage and are often HER2-positive and hormone receptor-negative [10] . Second, the hormonal surges which occur during pregnancy may impact on the metastatic behavior of the cancerpossibly with different consequences for estrogen receptor (ER)? and ER-breast cancers. Third, pregnant women may avoid or delay treatment, e.g., chemotherapy or hormonal therapies or ovarian ablation. Last, there may be a delay in the diagnosis of breast cancer in pregnant women, as a result of enlarged and dense breasts [10] [11] [12] [13] .
A second class of patients are those who have a baby one or more years after a diagnosis of breast cancer. Physicians are often approached by women of childbearing age with recent diagnoses of breast cancer who ask about the advisability of pregnancy and the potential harmful effects of cancer treatments which could impair their fertility (such as ovarian ablation, chemotherapy, and hormone therapies) and the effect of late pregnancy on the recurrence of the earlier breast cancer. It has been proposed that the time elapsed from completion of breast cancer treatment to birth is relevant and that the longer the length between breast cancer diagnosis and pregnancy, the better the long-term prognosis [14, 15] .
Pregnancy around the time of breast cancer diagnosis presents challenging clinical issues. To date, there is little information on the survival experience of women who carry a mutation in one of the BRCA genes and who become pregnant. The purpose of this study is to evaluate the impact of pregnancy at the time of breast cancer or following a diagnosis of breast cancer on recurrence and mortality in this high-risk group of women.
Materials and methods
We conducted a multicenter, historical cohort study of women known to carry a BRCA1 or BRCA2 mutation. The study included subjects from 52 centers from Canada, the United States, Asia, and Europe. Subjects were selected from a database of 12,084 BRCA1 and BRCA2 mutation carriers from the ongoing international multicenter cohort study. Since 1995, we have been collecting data on incident cases of breast and ovarian cancer including primary surgery, chemotherapy, cancer recurrences, and survival. Mutation detection was performed using several techniques and all mutations were confirmed by direct sequencing. Every host center obtained approval from their ethics review board.
The data for this study were obtained from three sources: (1) the study questionnaires, (2) the medical chart, and (3) the surgical pathology report. The questionnaire contained information on date of birth, country of residence, type of BRCA mutation, date of disclosure of genetic result, obstetrical and gynecological history (onset of menarche and menopause, parity, pregnancy outcome and length, fertility treatments, contraception methods, and hormonal therapies), breast cancer screening (mammography and MRI), and breast cancer history (date of diagnosis, primary surgery, adjuvant treatment, recurrence, and reconstructions). The women in the cohort study are followed every 2 years with a standard follow-up questionnaire, which details new cancers, second primary cancers and dates of local, regional, and distal recurrences.
The medical chart review was performed for members of the study cohort with the goal of collecting detailed information on obstetric history, including date of delivery, gestational age, pregnancy outcome, duration of lactation, type of breast cancer surgery, salpingo-oophorectomy, chemotherapy (yes/no), radiotherapy (yes/no), tamoxifen (yes/no), date and cause of death, and breast cancer recurrence (distant/local). Pathology reports were requested from the corresponding research center or directly from the hospital where the surgery was performed, and were used to help establish tumor size, grade, lymph node status, and hormone receptor status.
Case subjects and comparison subjects
We defined a case subject as a woman with a pregnancyassociated breast cancer (breast cancer diagnosed during pregnancy or within 1 year of delivery) or pregnancy-following breast cancer (pregnancy occurring a minimum of 1 year after a breast cancer diagnosis). A potential control subject was a woman with breast cancer who was premenopausal at the time of breast cancer diagnosis but who did not have a pregnancy 1 year prior to diagnosis or thereafter (controls). Pregnancies resulted in live births (therapeutic and spontaneous abortions excluded).
Inclusion and exclusion criteria
The potential study subjects included women: (1) diagnosed from 1985 to 2010 with premenopausal invasive breast cancer between the ages of 20 and 45 years, (2) enrolled in the parent cohort study and known to carry a BRCA1 or BRCA2 mutation, and (3) completed a baseline questionnaire and at least one follow-up questionnaire. Patients were followed until June 2012. Additional exclusions included women who have been diagnosed with ovarian cancer or another cancer (except skin cancer) in the past or in the follow-up period or have Stage IV breast cancer at diagnosis.
Ascertainment of subjects
Of the 11,874 subjects in the database, we excluded 7,042 subjects who had no breast cancer diagnosis, 590 subjects who were diagnosed with breast cancer prior to 1985, 1,826 subjects who were more than 45 years old at the time of breast cancer diagnosis, 2 subjects with stage IV breast cancer at presentation, 201 subjects who had natural menopause prior to diagnosis, 64 subjects who had an oophorectomy prior to breast cancer, and 131 subjects who had ovarian cancer. For 37 subjects, information on key variables was missing (i.e., date of delivery, date of breast cancer diagnosis, or breast cancer treatment), and these women were also excluded. In total, 1,981 women were eligible for the study; 161 had a pregnancy-associated or pregnancy-following breast cancer and 1,820 women did not. Eleven participants had both a pregnancy-associated breast cancer and a pregnancy-following breast cancer. These cases were assigned to the pregnancy-associated breast cancer group.
Matching strategy
We attempted to identify three controls for each case subject. Case and control subjects were matched by age (±2 years), BRCA mutation type (BRCA1 vs. BRCA2), country of residency, date of breast cancer diagnosis (±2 years), and date of completion of baseline questionnaire (date of study entry ±2 years). Cases could not have had a hysterectomy or oophorectomy or have undergone natural menopause prior to diagnosis. They could not have experienced a distant recurrence prior to the date of pregnancy (if they experienced a local recurrence they remained eligible). To be eligible and matched to a given case, the control had not to have an oophorectomy or experienced a distant recurrence prior to the date of birth for the index pregnancy in the matched case. We identified 128 matched sets (128 cases and 269 controls). Seventyfive case subjects were diagnosed with a pregnancy-associated breast cancer and 53 case subjects were diagnosed with a pregnancy-following breast cancer. We retrieved pathology reports for 55 % of the 128 cases and for 53 % of the 269 matched controls.
Statistical analyses
The patient was followed from the date of diagnosis until death from breast cancer, date of last follow-up or death from another cause. Because (by definition) patients were alive at the time of completion of the baseline questionnaire, we used a left-truncated survival analysis, whereby the time period between diagnosis and completion of the baseline questionnaire was censored. To adjust for possible differences in the baseline characteristics of the cases and controls and treatments received, we performed a multivariate analysis and adjusted for age at diagnosis, tumor size (\2, 2-5, [5 cm), lymph node status (positive, negative, missing), ER status (positive, negative, missing), use of chemotherapy (yes/no), and oophorectomy (yes/no, time-dependent-variable).
We also performed a survival analysis using breast cancer recurrence as the endpoint. We considered only regional and distant recurrences (local recurrences were not considered). We followed the patients from the date of breast cancer diagnosis until the date of the breast cancer recurrence, using a left-truncated analytic approach. The data was analyzed using SAS statistical software for survival analysis (Kaplan-Meier method) and Cox-proportional hazards model. We estimated the adjusted hazard ratio associated with pregnancy as well as with other tumor characteristics and treatments (chemotherapy yes/no) and oophorectomy (yes/no). In all survival analyses, oophorectomy was treated as a time-dependent covariate.
Results
We identified 397 eligible subjects, including 75 women with pregnancy-associated breast cancers (58.6 %), 53 women with pregnancies following breast cancer (41.4 %), and 269 matched controls (no pregnancy). For each case subject, we identified from one to three matched controls (mean 2.1) ( Table 1) .
The mean time elapsed from breast cancer diagnosis to pregnancy in the case group was 2.4 years (range 0-13 years). The mean time from last pregnancy to breast cancer in the comparison group was 5.8 years (range from 1 to 21). No control had an oophorectomy prior to the date of the delivery of the index case. Approximately one-half of the cases and matched controls underwent a prophylactic salpingo-oophorectomy at some time after childbirth in the index case.
We obtained a pathology report for 54 % of the subjects (Tables 2, 3 ). Based on these reports, the mean tumor size among case subjects was 24.6 mm and among controls was 27.7 mm. Forty-three percent of control subjects and 40 % of case subjects had positive lymph nodes. In both groups (pregnant and non-pregnant), the majority of tumors were estrogen receptor negative (control subjects 68.6 %; case subjects 78.0 %). None of these differences were statistically significant. The various breast cancer treatments are presented in Table 2 . We found no significant differences in the surgical treatments for the non-pregnant and the pregnant patient sub-groups. We also evaluated breast cancer characteristics between breast cancer controls, pregnancy-associated breast cancers, and pregnancies following breast cancer. We found no significant differences (Table 3 , supplemental).
Breast cancer survival analysis
After a mean of 10.2 years of follow-up from diagnosis (range 0.2-26 years), 7 of the 128 case subjects (5.5 %), and 19 of the 269 matched controls (7.1 %) had died of breast cancer (Fig. 1) . The actuarial 15-year survival rates were 89.1 % for the pregnancy-associated breast cancer subjects, were 93.6 % for the pregnancy-following breast cancer subjects, and were 88.6 % for the non-pregnant controls. Eleven of the 128 case subjects (8.6 %) and 20 of the 269 matched controls (7.4 %) experienced a distant breast cancer recurrence. The unadjusted hazard ratio for breast cancer-specific mortality at 15 years from breast cancer diagnosis was 0.91 (95 % CI 0.38-2.18) for all pregnant versus non-pregnant subjects. The unadjusted hazard ratio was 0.89 (95 % CI 0.30-2.65) for pregnancy-associated breast cancer (p = 0.83) and was 0.93 (95 % CI 0.27-3.17) for pregnancy-following breast cancer (p = 0.91), compared to matched controls. The unadjusted hazard ratio was 0.81 (95 % CI 0.32-2.05) for BRCA1 carriers (all pregnant vs. non-pregnant). There were no deaths among the BRCA2 carriers. The mortality curves for women with a pregnancyassociated breast cancer, a pregnancy-following breast cancer and no pregnancy are compared in Fig. 2 .
The Kaplan-Meier survival curve from breast cancer diagnosis to death is presented in Fig. 1 ; from the date of childbirth until death is presented in Fig. 3 and from the date of ascertainment until death is presented in Fig. 4 of electronic supplementary material. There were no significant differences between groups for any of the analyses. Likewise, the Kaplan-Meier survival curves from the date of breast cancer diagnosis and the date breast cancer recurrence did not show a difference for pregnant and nonpregnant women (Fig. 5 electronic supplementary material) . At 15 years after the birth of the index child, the survival rate was 90.0 % for the pregnancy-associated case subjects and was 87.1 % for the matched controls. At 15 years after the date of ascertainment, the survival rate was 86.0 % for the pregnancy-associated case subjects and was 86.9 % for the matched controls. At 15 years from the date of breast cancer, 84.6 % of the pregnant cases and 91.9 % of the controls were free of regional or distant recurrence (p = 0.64). After adjustment for age at breast cancer diagnosis, chemotherapy use (yes/no), tumor size (\2 cm, 2-5 cm, [5 cm), lymph node status (;), estrogen receptor status, and oophorectomy (;), the hazard ratio for mortality from the time of breast cancer diagnosis was 0.76 (95 % CI 0.31-1.91) for pregnant cases versus non-pregnant controls. The adjusted hazard ratio was 0.72 for BRCA1 carriers (95 % CI 0.27-1.90) (there were no deaths among the BRCA2 carrier case group). The adjusted hazard ratio was 0.79 (95 % CI 0.25-2.44) for the pregnancy-associated breast cancer sub-group and was 0.73 (95 % CI 0.21-2.68) for the pregnancy-following breast cancer sub-group (Table 4) . In this multivariate analysis, tumor size and bilateral salpingo-oophorectomy were both significant prognostic factors (Table 4) . Women who underwent bilateral oophorectomy had a much lower risk of death than women who had two ovaries intact (adjusted HR = 0.20; 95 % CI 0.06-0.62; p = 0.006). Women who received chemotherapy were less likely to die of their disease than women who did not receive chemotherapy (adjusted HR = 0.39; 95 % CI 0.14-1.09), but this did not achieve statistical significance (p = 0.07).
Discussion
These data show that the survival of women who carry a BRCA1 or BRCA2 mutation and who become pregnant at the time of, or after a breast cancer diagnosis does not appear to be unduly affected by the pregnancy. After adjustment for other prognostic factors, the survival experiences of the pregnant cases in each of the two subgroups and non-pregnant controls were similar.
Among the patients in this study who became pregnant, the mean tumor size was 2.5 cm; 40 % were lymph nodepositive and 79 % were ER-negative. Despite the high prevalence of these three adverse prognostic features, the 15-year survival rate for these patients was 93 %. Women with low-risk breast cancers may choose to become pregnant more often than women with more aggressive cancers (''healthy mother effect'') [16] but, in our study, the distribution of stage and other prognostic features of the cancers in the women who did and who did not become pregnant after breast cancer was similar. Fig. 1 Breast cancer-specific survival for subjects with and without a pregnancy: from date of breast cancer Fig. 2 Breast cancer-specific survival for subjects with and without a pregnancy: from date of diagnosis Fig. 3 Breast cancer-specific survival in subjects with and without a pregnancy after breast cancer: follow-up from date of last birth
The breast cancer patients in the study are a highly selected group. By definition, the women had to be alive and without distant recurrence at the date of parturition to be eligible and this will select for survivors, which may explain in part our excellent 15-year survival rate. On average, 2.4 years had passed from diagnosis to birth. However, we also selected our controls be alive and recurrence-free at the time of delivery of the baby in the matched case, so the survivorship bias should apply equally to cases and controls. We adjusted for potential survivorship bias by using a left-truncated survival analysis, wherein we only considered person-years in the follow-up period after the date of ascertainment [17] . Finally, we compared survival three ways: from the date of breast cancer, from the date of parturition, and from the date of ascertainment and for all three analyses the mortality experiences of the cases and comparison groups were similar.
There are several limitations to our study. The sample size of exposed women was small (n = 128 women with breast cancer and a pregnancy) and the subgroups of women with pregnancy-associated breast cancers and pregnancy-following breast cancers were small. However, considering that very few breast cancer patients carry a BRCA mutation and even fewer are associated with pregnancy, this combination is a very rare event and this is the only study to date to address the association. We were able to retrieve pathology reports for only one-half of the index cases and this limited our ability to adjust for cofactors, but an analysis of the samples for which pathology data were available indicated that the cancer features were similar for cases and controls. Subgroups were small and for the main analyses, it was necessary to combine women with BRCA1 mutations and BRCA2 mutations and women with pregnancy-associated breast cancers and pregnancy-following breast cancers. Subjects were enrolled from 11 countries, and treatment was not standardized.
Previous research on pregnancy and breast cancer mortality in the general population is inconsistent [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Breast cancer diagnosed shortly after delivery has been associated with a worse prognosis [4] , but if a pregnancy occurs long after diagnosis it is associated with a neutral or a protective effect [14, 15, 36] . The Society of Obstetricians and Gynaecologist of Canada (SOGC) recommendation is to postpone pregnancy for 3 years after diagnosis but if lymph nodes are involved, they extend this period to 5 years [37] .
In this study, we found that carriers in the pregnancy group who underwent oophorectomy had a significant reduction in the risk of dying of their breast cancer compared to women with intact ovaries (HR = 0.20; 95 % CI 0.06-0.62). We recently reported that BRCA1 mutation carriers with breast cancer in Poland who had an oophorectomy experienced a relative mortality reduction of 70 % [38] . We conclude that pregnancy after breast cancer does not adversely affect survival per se, but because oophorectomy results in infertility, it is important to discuss the potential risk of delaying oophorectomy for a breast cancer patient who wishes to have a baby. It is important that more studies be conducted on the impact of oophorectomy on the survival from BRCA1 and BRCA2-associated breast cancer in pre-menopausal women. 
